F u n d a m e n t a l s o f S u p e rc r i t i c a l Wa t e r
Gasification Supercritical water gasification is the conversion of biomass to fuel gas in hot compressed water with temperature and pressure above the critical values (647 K and 22.1 MPa). It is a promising conversion technology for wet biomass. Conventional thermochemical biomass gasification requires high temperature, and thus, wet biomass cannot be used as feedstock. This is because the heat provided to achieve this high temperature is wasted on evaporating water in the wet biomass. If the amount of water is small, the heat of evaporation does not affect the total energy efficiency; however, for wet biomass, this heat of evaporation sometimes matches the heating value of the product gas, and the process cannot be energy productive. Supercritical water gasification uses water as the reaction medium, and the heat needed for attaining supercritical conditions can be recovered by the heat exchanger, which is usually not possible during conventional high-temperature gasification. Thus, higher energy efficiencies can be obtained even for wet biomass. Figure 1 shows the phase diagram of water. Under atmospheric pressure (0.1013 MPa), water evaporates at 100 or 373 K, and an increase in pressure results in an increase in this boiling temperature. At the same time, the difference in density between the liquid phase and the gas phase becomes smaller. When the pres-
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Gasification Rate of Various Biomass Feedstocks in Supercritical Water
Yukihiko MATSUMURA 1) , Shotaro HARA 2) , Kohei KAMINAKA 2) , Yasunao YAMASHITA 2) , Takuya YOSHIDA 1) , Shuhei INOUE 1) , Yoshifumi KAWAI 3) , Tomoaki MINOWA 4) , Takashi NOGUCHI 5) , and Yoshihisa SHIMIZU Supercritical water gasification is expected to be an effective gasification process for wet biomass, but its reaction kinetics has not been elucidated for actual biomass feedstocks. In this study, seven biomass species are gasified in a supercritical water gasification reactor with and without use of a suspended activated carbon catalyst, and the overall gasification rates are determined. The feedstocks can be classified into three groups depending on the gasification characteristics. Representative gasification-rate parameters are presented. The homogeneous reaction had a pre-exponential factor of 50.0 s -1 and an activation energy of 67.9 kJ/mol. The heterogeneous reaction for feedstocks with high cellulose content had a pre-exponential factor of 4.87 10 9 s -1 and an activation energy of 161 kJ/mol, while, feedstocks with low cellulose content had a pre-exponential factor of 1 Supercritical water has several interesting characteristics; the high reactivity is employed in supercritical water gasification. In supercritical water gasification, water reacts with the biomass compounds in it so that t h ey c a n b e c o nve r t e d i n t o s m a l l e r m o l e c u l e s . Because of the high pressure, the density of water molecules is high in supercritical water, which results in frequent collision of water molecules with the biomass compounds. Because of the high temperature, more collisions take place with sufficient energy to overcome the activation energy. This results in high reactivity, and conversion of biomass compounds takes place swiftly in supercritical water. The final products from supercritical water gasification are the gas mixture and ash, when reaction conditions are properly set. The gas component includes hydrogen and methane, which can be utilized as fuel.
High reactivity is the main advantage of supercritical water gasification as the conversion technology for wet biomass. For wet biomass, biomethanation has been employed; however, it is a slow treatment with retention times of 2 weeks to 1 month. Even after this long retention time, complete conversion is not possible, and treatment of wastewater and fermentation residue are the important issues that hinder the prevalence of this technology. The high reactivity of supercritical water allows these problems to be overcome; reaction rates are much faster, and retention time of several minutes is sufficient for conversion of biomass with high efficiency, and the treatment of biomass is completed in much shorter time than in the case of biomethanation. Additionally, because gasification efficiency is high, the amount of residue or organics in wastewater is much less than that in the case of biomethanation.
Due to this advantage for wet biomass gasification, many researchers are working on supercritical water gasification technologies 1),2) .
2. History
Michael Modell at Massachusetts Institute of Technology first observed the phenomenon that lead to the supercritical water technology. In the 1970s, he found that glucose could be completely gasified in super critical water 3), 4) . However, his interest was more in the field of complete decomposition of hazardous organic compounds such as PCB, and he focused on the possibility of decomposition by oxidation in supercritical water, i.e., supercritical water oxidation (SCWO) 5) . . Presently, there are three pilot plants of this super critical water gasification technology: the VERENA plant in Karlsruhe, one in the Pacific Northwest National Laboratory, and one in the Chugoku Electric Power Company located in HigashiHiroshima.
3. Thermodynamics
The product gas from supercritical water gasification is somewhat different from the product gas from conventional high-temperature gasification or biomethanation. This is mainly due to the existence of large amounts of water in the reactor. Due to the high reactivity of supercritical water, the reaction rate is quite rapid, and chemical equilibrium is attained in the supercritical water gasification reactor. The large amount of water moves the equilibrium of the water gas shift reaction
to the right hand side, resulting in a gas with a negligible amount of CO 14) . By using the equilibrium calculation software STANJAN, gas composition obtained from the 1 t/d (ton per day) pilot plant has been successfully predicted. Figure 2 compares the experimental result and predicted gas composition of chicken manure gasification in supercritical water gasification for different feedstock concentrations 45) . This allows the heat of reactions in the supercritical water gasification reactor to be predicted. The heat of reaction can be obtained by subtracting the enthalpy of the inlet flow of the reactor from that of the effluent of the reactor. The enthalpy of the inlet flow is determined from the heating value of the feedstock, while the enthalpy of the effluent is determined from the effluent gas composition. Figure 3 shows the comparison between the heat of reaction experimentally obtained by measuring the temperatures at the inlet and outlet of the reactor for the 1 t/d plant and the calculated heat of reaction. Good agreement is observed for these values.
The effectiveness of thermodynamics for predicting the behavior in the supercritical water reactor appears valid even for inorganic compounds. Figure 4 shows the comparison between experimental and theoretical data for inorganic elements used for supercritical water gasification 47) . The final yields of the element in liquid and solid phases are shown. The experimental values are once again in good agreement with thermodynamic predictions.
4. Reactions
Although reactions in supercritical water have not been completely understood, Minowa and Fang investigated the behavior of cellulose in a supercritical water gasification reactor and proposed the reaction scheme shown in Fig. 5 27) . In this scheme, cellulose is first converted into water-soluble organic compounds, and it is then converted simultaneously into gas and tarry material. Tarry material, once produced, cannot be converted into gas. A similar reaction scheme was proposed by Kruse et al., and they further hypothesized that the phenolic compounds produced by dehydration reacted further to produce tarry material 20) . Meanwhile, Matsumura et al. showed that at low temperatures, tarry material production is favored, while, at high temperature the gasification reaction is favored 40) . This phenomenon can be explained by considering that tarry material is mainly produced via ionic reactions while gas product is mainly produced through radical reactions. Ionic reactions are favored in the subcritical region where the amount of ion products and the dielectric constants are higher than those in the supercritical region. This explains the observed effect of feedstock heating rate on tarry material yield. When the heating rate is fast, the tarry material yield is low, but when the heating rate is slow, more tarry material is produced. When glucose stays longer in the low-temperature region, more and more tarry material is produced in the temperature range. Chunthanapum et al. further developed the reaction network for the decomposition of glucose in supercritical water (shown in Fig. 6 ) and determined the reaction rate parameters for each of the reactions 50),51), 53) . In Fig. 6 , TOC stands for total organic carbon, which is unidentified organic compounds in the liquid phase. They also developed the reaction network for the 5-hydroxymethylfurfural (5-HMF) decomposition in supercritical water gasification 54) . 5-HMF was expected to produce tarry material; however, tarry material production from 5-HMF was not as fast as that from glucose, which suggested that 5-HMF was not the only cause of the tarry material production. The research in this field is being continued now.
Meanwhile, Promdej et al. thoroughly investigated the change in the reaction rate kinetics in a similar network, and they found that some of the reactions followed Arrhenius behavior through all temperature ranges, including both subcritical and supercritical temperatures but that others were retarded in the hightemperature region of supercritical water 57) . This is explained by the lowered dielectric constant in supercritical water, and this difference in temperature dependence was employed to distinguish ionic and radical reactions.
From the reactor-engineering point of view, overall reaction rate kinetics is desired. To design a supercritical water reactor, it is important to determine the reaction kinetics for the supercritical water gasification for various feedstocks. However, the reaction rate kinetics for the actual biomass in supercritical water gasification has not been reported. Thus, the purpose of this study is to determine the overall reaction rate kinetics of supercritical water gasification for various feedstock. Figure 7 shows the schematic diagram of the experimental apparatus employed in this study. It is a benchscale system with a piston pump to deliver slurries to the reactor. The reactor is a stainless steel tubing with an inner diameter of 2.17 mm and length of 12 m. To conduct the experiment, water is first fed to the reactor system, and then, temperature and pressure are increased. Then, the feedstock is placed in the piston pump, and high-pressure water is fed from the other side of the piston. The feedstock slurry in the pump is pushed out of the cylinder, and delivered to the preheater, and then to the reactor. Since high-pressure water is heated to the supercritical temperature, water in the reactor becomes supercritical, and the feedstock is decomposed and gasified in the reactor. The reactor effluent is then cooled down by a heat exchanger, it passes through a liquid-solid separator, and it is depressurized. The gas generation rate was determined by measuring the time taken for the product gas to fill a specific volume by water replacement. Gas and liquid samples were also acquired. Prior to the experimental trials, preliminary experiments were conducted, and a carbon mass balance of over 0.90 was assured. When needed, activated carbon catalyst was suspended in the feedstock slurry. The particle diameter of the activated carbon was 30 μm. For this case, the gas generation rate from the activated carbon was determined elsewhere, and this amount was subtracted from the gasification rate obtained.
Experimental
The reaction temperature was varied in the range 723 to 923 K and the reactor pressure was set at 25 MPa. The feedstock feed rate was 2 g/min and the feedstock concentration was less than 1 %, so that the side reaction of tarry material production could be suppressed. It is known that tarry material production is of higher reaction order, and therefore, higher feedstock concentration will result in favored tarry material production. The amount of tarry material was negligible at this low concentration range. The product gas was analyzed by gas chromatography for its composition. Along with the gas generation rate, the number of carbon atoms in the product gas could be determined. The ratio of this amount to the amount of carbon atoms in the feedstock is the carbon gasification efficiency, which is employed for the determination of the gasification rate in this study. Figure 8 shows the carbon gasification efficiency of chicken manure in supercritical water under various conditions. Figure 8(a) shows the effect of concentration on carbon gasification efficiency without the activated carbon catalyst. As can be seen, there is a negligible effect from feedstock concentration; this indicates that gasification without catalyst is of first order in terms of feedstock concentration. Figure 8(b) shows the effect of the activated carbon catalyst. The square symbol shows the carbon gasification efficiency obtained from the amount of total gas product. Since a part of this gas is from the activated carbon, this contribution was subtracted; the triangle represents actual carbon gasification from the chicken manure. The carbon gasification efficiency increases linearly with the activated carbon concentration. Considering that gasification proceeds to some extent without a catalyst, gasification with the catalyst in the supercritical water reactor is comprised of a homogeneous reaction that proceeds without a catalyst and a heterogeneous reaction that proceeds with the catalyst. Since the homogeneous reaction should be taking place in the same way for these experiments, the linear increase in the carbon gasification efficiency with activated carbon concentration indicates that the heterogeneous reaction rate is in proportion to the activated carbon concentration. Figure 8(e) shows the effect of temperature on carbon gasification efficiency with activated carbon catalyst. The plot for the experiment without activated carbon is also shown. It is found that the heterogeneous reaction contribution, which is the difference between the carbon gasification efficiency for the experiment with and without activated carbon, is more temperature dependent compared to the homogeneous reaction contribution. At 923 K, almost complete gasification is achieved.
Results and Discussions
1. Effect of Each Experimental Condition
2. Comparison of Gasification Characteristics of
Each Feedstock Based on these observations, the reaction rate kinetics were modeled as follows. First, gasification of activated carbon in supercritical water is expressed as an Arrhenius first-order reaction as
Further, the gasification of chicken manure is first order; however, its reaction rate coefficient should be composed of both the homogeneous and heterogeneous contribution. Assuming Arrhenius-type behavior for both reactions and further noting that the heterogeneous reaction is in proportion to the activated carbon concentration, the following equation is obtained.
where, 
The reaction parameters in this equation can be determined to reproduce experimental results using the minimum least-squares method. The predicted carbon gasification efficiency using Eq. (6) is shown in Fig. 8 . Good agreement between experimental and predicted values is obtained. Figure 9 compares the carbon gasification efficiency for food-waste hydrogen fermentation solid residue (FW HFSR), bean curd hydrogen fermentation solid residue (BC HFSR), grass, and chicken manure. The experimental data points are omitted to avoid crowding in Fig 9. It is clearly shown that activated carbon is effective in enhancing the carbon gasification efficiency for chicken manure and hydrogen fermentation solid residues. However, interestingly, the activated carbon catalyst was not as effective for the grass gasification in supercritical water. Figure 10 shows the carbon gasification efficiency for swine manure, cattle manure, and a seaweed-ethanol fermentation residue (SW-EFSR). Here, the activated carbon catalyst is effective only for swine and cattle manure, and it is not effective for SW-EFSR. Table 1 shows the reaction rate parameters determined for the feedstocks investigated here. Table 2 shows the reaction rate parameters for activated carbon gasification in supercritical water for reference. Activation energy for the homogeneous reaction is in the range 45-87 kJ/mol for all feedstocks. In contrast, heterogeneous reactions can be classified into three groups from both the pre-exponential factor and the activation energy.
Determination of Reaction Rate Constant
To have an intuitional understanding, these reaction p a r a m e t e r s w e r e p l o t t e d i n a n A r r h e n i u s p l o t . Figure 11 is the Arrhenius plot for the homogeneous reaction. All feedstocks show the same behavior except swine and cattle manure. The large difference between the behaviors of swine and cattle manure and that of other feedstock is because the swine and cattle manure is obtained with sawdust mixed in it; this sawdust was originally placed on the floor of the swine and cattle enclosures to protect the animals. Thus, these manures contain relatively large amounts of sawdust. Sawdust contains lignin, which is notorious in retarding 60) showed that gasification is inhibited by lignin in supercritical water using the batch-type reactor. Weiss-Hortala et al. 61) showed that phenol, the main structure of lignin, retards glucose gasification in supercritical water. Without these manures, the homogeneous reaction can be expressed by a single straight line in the Arrhenius plot, with pre-exponential factor of 50.0 s -1 and activation energy of 67.9 kJ/mol. Figure 12 shows the Arrhenius plot for the heterogeneous reaction. In Fig 12, the lines clearly represent three groups. The first group of chicken manure and hydrogen fermentation solid residues has rather high activation energy. The absolute value of the reaction rate constant is also large compared to other compounds, which means the activated carbon catalyst is very effective in enhancing the gasification of the feedstock. The characteristics of this group are that it contains rather large amount of cellulose. Manures are mainly composed of gut flora, which are microorganisms with cell walls. Food waste and bean curd residue includes cellulose as its main component. By taking the average, the pre-exponential factor is 4.87 10 9 s -1 , and the activation energy is 161 kJ/mol. For the second group of seaweed-ethanol fermentation solid residue and grass, both the activation energy and the reaction rate constants are very low. These feedstocks have low cellulose content so the activated carbon catalyst is not effective for these feedstocks. By taking the average, the pre-exponential factor is 1.91 10 4 s -1 , and the activation energy is 84.2 kJ/mol. The third group is composed of swine and cattle manures. Activation energy for these feedstocks is large, and activated carbon is effective at high temperatures. However, since this behavior is expected due to the contaminant sawdust, no reaction parameters were determined.
In this study, we have not analyzed cellulose content of these feedstocks, and the number of the investigated feedstocks is limited. However, components of these feedstocks are easily obtained in the literature. It is also well known that the activated carbon catalyst is effective for supercritical water gasification of glucose, and it is quite likely that cellulose in supercritical water is first hydrolyzed to produce glucose and its oligomers, and then effectively gasified by the activated carbon catalyst.
To have a general idea of the overall gasification characteristics of each feedstock, rate constants, obtained as the sum of contributions from homogeneous and heterogeneous reactions are calculated using the following Eq. (7) with setting the value of w to 0.01 kg/ kg.
Overall gasification rate constants which are thus obtained are shown in Fig. 13 . When the overall reaction rate constant is 0. 
Conclusions
Supercritical water gasification is expected to be an effective gasification process for wet biomass, and fundamental as well as demonstrative work has been conducted. Thermodynamics is effective in predicting gas composition, heat of reaction, and behavior of inorganics. Some reaction kinetics have been studied, but the overall reaction kinetics has not been elucidated for actual biomass feedstocks. In this study, seven biomass species are gasified in a supercritical water gasification reactor with and without suspended activated carbon catalyst; the overall gasification rates are determined, and the following findings have been made: (1) The gasification reaction kinetics can be expressed by a first-order reaction with contribution from both the homogeneous and heterogeneous reactions.
(2) The heterogeneous reaction rate is in proportion to the activated carbon catalyst concentration. (3) The feedstocks can be classified into three groups depending on the gasification characteristics. 
